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oble metal nanoclusters consisting

of a few metal atoms, which bridge

the gap between traditional organ-
ometallic compounds and crystalline metal
nanoparticles, are of considerable fun-
damental interest as well as of potential
practical importance.' Typically displaying
size- and excitation-wavelength-dependent
photoluminescence (PL) behavior, noble
metal nanoclusters are attracting consider-
able attention as a fascinating class of fluor-
ophores, particularly for applications in
which the size and biocompatibility of the
label are critical.? Since the first observa-
tions of PL from noble metal nanoclusters,
great effort has been made to prepare noble
metal nanoclusters and explore their poten-
tial applications in the subfields of chemical
sensing, biological imaging, and in vitro
bioassays.>~’ Especially, oligonucleotide-
templated nanoclusters have drawn in-
creasing attention due to their facile synthe-
sis, tunable fluorescence emission, high
photostability, and suitability as a diagnos-
tic tool for biological concerns®'° Cou-
pling of the excellent PL features with the
functionality of the host DNA matrix, these
DNA-based fluorescent nanomaterials pos-
sess great potential for chemical and bio-
logical sensing."''*

Single nucleotide polymorphisms (SNPs)
are the most common inherited types of
sequence variations in the human genome
and are strongly related to various medical
and physiological features of human beings.
SNP typing that identifies the base at pre-
determined polymorphic sites in any given
DNA sample is envisioned as an essential
technology in the near feature for realizing
personalized medicine.”” Therefore, great
efforts have been devoted to developing
reliable, rapid, and cost-effective technolo-
gies for the detection of SNPs.'"'® DNA
biosensors based on simple hybridization

JIAETAL.

ABSTRACT
hv
g
5’ C-C-A-G-A-T-AfX{T-C-A-C-C-G-G?' i
P r e rrornrg | Cu §
LLrEr e @—’
3 G-G-T-C-T-A-T4Y4A-G-T-G-G-C-C5' V& I

Metal nanoclusters have received considerable interest due to their unique properties and
potential applications in numerous fields. Particularly, newly emerging Cu nanoclusters offer
excellent potential as functional biological probes. In this work, we for the first time report
that the fluorescence of DNA-hosted Cu nanoclusters is very sensitive to base type located in
the major groove. This intriguing finding provides a sensitive fluorimetric diagnostic of the
mismatch type in a specific DNA sequence, which is difficult to achieve by traditional methods.
Furthermore, the research results have shed some light on the luminescent mechanism of Cu
nanoclusters. Owing to its high specificity and easy operation without rigorously controlled
temperature and arduous probe DNA design, it is expected that the proposed procedure can
provide a tool for early diagnosis and risk assessment of malignancy.
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recognition provide sequence-specific in-
formation by direct or indirect transduction
via optical, electrochemical, or gravimetric
transducers.'® The prevalent fluorescence-
based assays employed for the detection of
mismatches in DNA are mainly focused on
the complicated covalent modification of
the probe oligonucleotides?®™?? and deli-
cate design of ligands that can selectively
bind to the mismatched base pairs in
duplexes.?** Although still in its infancy,

the application of metal nanoclusters in  *Address correspondence to

sequence recognition has shown great prom-
ise in achieving high selectivity that is
difficult to accomplish with conventional
methods. Recently, our group elegantly de-
signed cytosine-loop inserted probe DNA
strands to hybridize with target DNA strands
to form DNA duplex templates for the
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formation of fluorescent Ag nanoclusters.?® The for-
mation of fluorescent Ag nanoclusters in these hybrid-
ized DNA duplex scaffolds is highly sequence-
dependent on the adjacent cytosine-loop sequence
and can identify single-nucleotide differences. Newly
emerging Cu nanoclusters, which selectively form on
DNA duplexes, offer excellent potential as functional
biological probes.?® However, studies focusing on Cu
nanoclusters for biological or chemical sensing have
been rare to date. In this work, the context of base pairs
in the dsDNA host greatly influences the Cu nano-
cluster environment and hence codes the PL proper-
ties. Mismatch-dependent differences in fluorescence
are utilized to discriminate different mismatch types at
room temperature, highly required in early cancer
diagnosis. The correlation of sequence identity with
PL property may be useful in other applications such as
screening for sequence variation in specific segments
of genomic DNA.? The research results also provide
some useful insight into the luminescent mechanism
of Cu nanoclusters. The label-free fluorescent method
allows a rapid, simple “mix-and-measure” assay for
detection of mismatch type in a DNA duplex without
arduous probe DNA design and rigorously controlled
temperature.

RESULTS AND DISCUSSION

Synthesis and Characterization of Fluorescent Duplex DNA-
Hosted Cu Nanoclusters. In our experiment, briefly, Cu
nanoclusters were prepared by reducing Cu(NOs),
(100 uM) with ascorbic acid (1.0 mM) in the presence
of DNA duplex within 15 min. In contrast to DNA-
templated Ag nanoclusters, a higher metal ion/base
ratio is nesessary to form Cu nanoclusters effectively. At
very low metal ion concentration, Cu®* ions prefer to
interact with the backbone phosphate negative groups
through nonspecific electrostatic attraction.”®?® With
increasing concentration, the Cu®" ions begin to bind
to DNA bases, with much higher affinity than to the
phosphate groups, and are further reduced by ascorbic
acid to form luminescent Cu nanoclusters. The as-
prepared Cu nanoclusters were studied by using UV—vis
spectroscopy, PL spectroscopy, transmission electron
microscopy (TEM), and atomic force microscopy (AFM).

As shown in Figure 1A, fluorescence studies of Cu
nanoclusters revealed that excitation and emission
maxima were at 344 and 593 nm, respectively. The
characteristic absorption peak similar to the excitation
spectrum appeared in the recorded UV—vis absorption
spectrum. Moreover, the absorbance band around
560 nm arising from surface plasmon resonance of
Cu nanoparticles was not observed, indicating that the
sizes of the as-prepared Cu nanoclusters were smaller
than 5 nm.3%*" To further confirm this, a TEM measure-
ment was performed. As expected, the TEM images
and the size distribution histograms revealed that the
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Figure 1. (A) Excitation (measured at o, = 593 nm), emis-
sion (measured at ., = 344 nm), and UV—vis absorption
spectra of Cu nanoclusters obtained using the FULL du-
plexes (sequence: 5'-CCA GAT ACT CAC CGG-3'/3'-GGT CTA
TGA GTG GCC-5') as the synthetic scaffold. (B) Representa-
tive TEM image and size distribution and (C) representative
AFM image of Cu nanoclusters using the FULL duplexes as
the synthetic scaffold. (D) Representative TEM image and
the size distribution and (E) representative AFM image of Cu
nanoclusters using the AC-MIS duplexes (sequence: 5'-CCA
GAT ACT CAC CGG-3'/3'-GGT CTA TAA GTG GCC-5') as the
synthetic scaffold.

Cu nanoclusters using FULL and AC-MIS duplexes as
the synthetic scaffold were spherical in shape and had
average diameters of 1.69 4 0.62 and 1.69 £ 0.48 nm,
respectively (Figure 1B and D). AFM was also recorded
to confirm that the average size of the as-prepared Cu
nanoclusters was less than 2 nm, consistent with TEM
results (Figure 1C and E).
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Figure 2. (A) Plots of PL intensity of Cu nanoclusters versus increasing concentrations of FULL (O) and AC-MIS (M) duplexes
under 344 nm excitation; inset: fluorescence emission spectra of the Cu nanoclusters synthesized with FULL duplexes (red
line) and AC-MIS duplexes (black line) under 344 nm excitation; (B) CD spectra for characterizing the structures of FULL
duplexes (red line) and AC-MIS duplexes (black line) [2 «M DNA in 20 mM MOPS buffer (pH 7.5) containing 300 mM NacCl]; (C)
linear plots for Cu nanoclusters formed by FULL duplexes (O) and AC-MIS duplexes (H); the gradient for each sample is
proportional to that sample's fluorescence quantum yield; (D) fluorescence decay profile (1ex = 340 nm, A, = 595 nm) of Cu
nanoclusters and a possible Jablonski diagram for Cu nanoclusters. The decay time is near 4.54 us.

Identifying Single-Nucleotide Polymorphisms and Possible
Mechanism. Using the intelligent probe Cu nano-
clusters, we attempted to detect a hot-spot mutation
of Gto A, which is found to be present in the genome of
patients affected by hereditary tyrosinemia type 1.3
As presented in Scheme 1, the fluorescence of Cu
nanoclusters was dramatically enhanced with mis-
matched DNA: the relative intensity with mismatched
versus matched DNA was 3-fold (Figure 2A). In addition,
the PL intensity was proportional to the concentration
of DNA, and the intensity ratio was 3-fold over the
concentration range examined. However, as shown in
Figure 1, there were no considerable differences be-
tween the sizes of Cu nanoclusters obtained using
FULL and AC-MIS duplexes as the synthetic scaffold,
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ruling out the possibility of the formation of the larger
Cu nanoclusters. To gain insight into the enhanced
mechanism, we obtained circular dichroism (CD) spec-
tra and performed a fluorescence quantum yield study.
The CD spectra of FULL and AC-MIS duplexes indicated
that structure characteristics of the B-form helix were
mainly maintained at room temperature and featured
a positive long-wavelength band at 262 nm and a
negative band around 242 nm with similar amplitude
(Figure 2B).* A single-nucleotide mismatch had almost
no effect on the conformation of the duplex under the
present experimental conditions. However, as de-
picted in Figure 2C, the fluorescence quantum yield
of Cu nanoclusters formed by AC-MIS duplexes was
twice that of FULL duplexes, although the absorbance
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Figure 3. Fluorescence emission spectra of (A) 20AB (1), 20Ab (2), (B) 20aB (1), 20ab (2), and (C) 20AY_n. Conditions: 500 L of
200 nM DNA in 10 mM MOPS buffer (pH 7.5) containing 150 mM NaCl. DNA sequence: 20AB, 20Ab, and 20AY_n denote probe
DNA 20A hybridized with the DNA 20B, 20b, and different mutation site DNA 20Y_n, respectively; 20aB and 20ab denote the
truncated 15-base probe DNA 20a hybridized with the DNA 20B and 20b, respectively.

of Cu nanoclusters formed by AC-MIS duplexes was the
same or even slightly lower than that of FULL duplexes
(Figure S2). These observations suggested that the
enhanced fluorescence intensity was because the AC-
MIS duplexes could provide an appropriate environ-
ment for fluorescent Cu nanoclusters, but not for
forming more Cu nanoclusters. The fluorescence life-
time of the formed Cu nanoclusters was measured
using a time-correlated single photon counting tech-
nique (Figure 2D). The long radiative lifetime in the
microsecond range and the large Stokes shift of
249 nm implied that 595 nm emission obtained at
340 nm excitation was derived from triplet excited
states, which was similar to general characteristics of
luminescent high-nuclearity gold(l) complexes that
displayed ligand—metal charge transfer and metal-
(h—metal(l) interactions.>*3> Jin et al. reported that
the quantum yield of 25-atom gold nanoclusters
[Au,5(SR)1g] was significantly affected by the surface
ligands, and they proposed a mechanism of ligand to
metal nanoparticle core charge transfer® Such a
charge transfer was believed to affect the excited-state
relaxation dynamics (e.g., radiative vs nonradiative
rates). Since surface ligands played a major role in
improving the fluorescence of Cu nanoclusters, we
inferred that the enhanced fluorescence might origi-
nate from the different electron-donating capability of
the ligand DNA, similar to gold nanoclusters. Further
detailed investigations on the underlying fluorescence
enhancement mechanism are still under way.
Mismatch-Dependent Differences in Fluorescence of Cu
Nanoclusters and Some Discussion of the Results. In view of
the above results obtained with the 15-mer probe
DNA, two issues important for further application need
to be addressed. First, is the system universal, and do
the observed effects depend solely on the length of the
designed probe sequence? Second, what is the possi-
ble reason for such unusual PL behavior of the system?
To address the first issue, a new duplex containing a
20-bp probe strand and target strand was designed. As
shown in Figure 3A, there was almost no distinction
between full matched DNA 20AB (sequence: 5-GAA
CGA AAC CAT TAT ACG AT-3'/3'-CTT GCT TTG GTA ATA
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TGC TA-5') and one-base-mismatched DNA 20Ab
(sequence: 5-GAA CGA AAC CAT TAT ACG AT-3/3'-
CTT GCTTTG TTA ATATGC TA-5', spot mutation of G-T).
In contrast, for the truncated 15-base probe DNA 20a
(sequence: 5'-ACG AAA CAA TTA TAC-3'), there was an
obvious difference (Figure 3B). A shorter probe DNA,
such as 10-base DNA, was not suitable, because the 10-
mer mismatched DNA exists in a single-stranded form,
which cannot serve as an efficient template.?® Further-
more, as listed in Table S1, parallel studies were carried
out using 20-mer DNA 20AY_n (probe DNA 20A hy-
bridized with the different mutation site DNA 20Y_n) as
the templates. Figure 3C shows the PL spectra of full
matched DNA 20AB and the four one-base-mis-
matched DNA 20AY_n with different mutation sites.
Only DNA 20AA_9, where the dG nucleotide in 20B is
replaced by a dA nucleotide in 20A_9, exhibited clearly
enhanced fluorescence compared with 20AB. As for
the other mutation sites, neglectable PL intensity
changes were observed. In the case of probe DNA
15-C (X =C) and target DNA sequence containing a G-A
mutation at the end as the template (sequence: 5'-CCA
GAT ACT CAC CGG-3'/3'-AGT CTA TGA GTG GCC-5'), no
enhanced fluorescence intensity was also observed.
We surmised that the mismatched bases that did not
lie in the major groove where the Cu nanoclusters were
accumulated?® had no influence on the fluorescence of
the Cu nanoclusters. Altogether, the above results
indicated that both the length and the situated muta-
tion position of the designed probe DNA play an
important role in the discrimination between the intact
and mutated sequence. The truncated 15-mer long
variant of designed probe DNA 20a and the right
middle mutation spot of DNA 20A_9 allowed favorable
discrimination between the fully matched and SNP-
containing DNAs.

To address the issue of the possible reason for the
unusual PL behavior of the system, the fluorescence
properties of Cu nanoclusters formed with all 16
possible base-pair combinations of XY duplexes (XY
represents 15-X/15-Y duplexes) were investigated.
As depicted in Figure 4 and Figure S3, mismatch-
dependent differences in fluorescence were found and
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Figure 4. Fluorescence emission spectra of probe DNA 15-X (sequence: 5'-CCA GAT AXT CAC CGG-3'), where X=(A) A, (B) C, (C)
G, (D) T, hybridized with the four targets 15-Y (sequence: 3'- GGT CTA TYA GTG GCC-5') [where Y = A (1), C(2), G (3), or T (4)].
Conditions: 500 uL of 200 nM DNA in 10 mM MOPS buffer (pH 7.5) containing 150 mM NacCl.

the fluorescence intensity deceased in the sequence AT >
TA>AA>CA>GA>AG>AC>GT>TG>TC>CT>TT>
CG > GG > GC > CC. On the basis of these results, we
come to the preliminary conclusion that adenine bases
located in the major groove were the most favorable
for the fluorescence of Cu nanoclusters, but cytosine
and guanine bases were not so conducive to PL. This
corresponded with the result as described above that
the fluorescence of Cu nanoclusters was dramatically
enhanced with AC-MIS duplexes compared with FULL
duplexes. The mismatch-dependent differences in
fluorescence might originate from different electron
donation capability of the ligand base pairs located in
the major groove of the DNA scaffold. DNA, as ligands
with electron-rich atoms (e.g., N, O) and high affinity
for metal cations, can largely promote fluorescence.
The sequence of oxidation potentials of the nucleo-
tides is found as dG < dA < dT < dC; therefore, the order
of charge-donating capability follows the order dG >
dA > dT > dC. Although dG has the lowest oxidation
potential among the four nucleotides, it is often detri-
mental for the luminescence of organic dyes.” Instead,
dA is generally the least effective as a quencher. Taken
together, we infer that the donating capability and the
correlation with quenching efficiencies likely act in a
coupled and cooperative manner to modify the fluor-
escent behavior of DNA-templated Cu nanoclusters.
Additionally, the duplexes with different mismatched
bases can be best discriminated from others by flexibly
choosing probe DNA. For example, different mismatches
were clearly distinguishable with the probe DNA 15-X =
G. The GA, GT, and GG mismatched duplex-stabilized Cu
nanoclusters were 4.2-fold, 2.3-fold, and 1.5-fold of that of
full matched GC, respectively (Figure 4C). Overall, our
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Figure 5. Relative absorbance A = [(A; — Azoec)/(Asooc —
Azoec)] at 260 nm vs temperature for characterizing the
structures of full matched CG (1) duplexes and mismatched
CA (2), CC (3), and CT (4) duplexes. Conditions: 2 x«M DNA in
20 mM MOPS buffer (pH 7.5) containing 300 mM NaCl.

results allowed easy fluorimetric discrimination between
them, which was attractive for recognition of different
types of mismatches without enzymes®

As shown in Figure 5, thermally induced transition
profiles of four duplexes (X = C) revealed that the full
duplex formed a more double-helical region than the
mismatched duplexes, but the T,, value of the three
duplexes containing single-nucleotide mismatch was
only slightly distinct. In contrast to previous appro-
aches largely relying on the differences in hybridization
efficiency,®*~*' the PL intensity of Cu nanoclusters was
not correlated with the thermodynamics of duplex
formation, but significantly affected by the type of base
pairs. This allowed the rapid, simple “mix-and-measure”
detection of mismatch type in a specific DNA sequence
at room temperature without rigorously controlled
temperature. The result is completely opposite of the
previous report that dsDNA containing a single base
mismatch did not act as an efficient template for form-
ing fluorescent Cu nanoclusters.*® Their proposal is
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dependent on the fact that the formation of Cu
nanoclusters is highly selective for dsDNA compared
with ssDNA; namely, the mismatched DNA exists in a
single-stranded form, which cannot serve as an efficient
template. Unfortunately, it is unpractical for the SNP
detection and different mismatch types cannot be dis-
cerned, which is required for realizing personalized
medicine. As for the two-base mismatch target DNA,
the PL intensity was very weak, suggesting the high
selectivity of the probe Cu nanoclusters (Figure S4).

CONCLUSION

In summary, using the intelligent probe Cu nanoclus-
ters, we successfully distinguish match and mismatch
sequences with 15-mer probe DNA in solution. Since Cu
nanoclusters are sensitive to base type located in the
major groove, they are excellent fluorimetric indicators

EXPERIMENTAL SECTION

Chemicals and Materials. The ultra PAGE-purified and MS-
verified oligonucleotides and ultrapure 3-(N-morpholino)pro-
panesulfonic acid (MOPS) were obtained from Shanghai San-
gon Biotechnology Co. Ltd. (Shanghai, China). Ascorbic acid was
purchased from Fluka Chemie GmbH (Switzerland). Cu(NOs),-
3H,0, NaCl, and other chemicals were purchased from Beijing
Chemical Works (Beijing, China). The stock solutions of DNA
samples were prepared in MOPS buffer (20 mM MOPS, 300 mM
NaCl, pH 7.5), and then DNA concentrations were accurately
quantified using the 260 nm UV absorbance and the corre-
sponding extinction coefficient. All the solutions were prepared
with water purified by a Milli-Q system (Millipore, Bedford, MA,
USA) and stored at 4 °C.

Apparatus. UV—visible absorption spectra were recorded
using a Cary 50 Scan UV—visible spectrophotometer (Varian,
USA). Fluorescence spectra were collected on a Fluoromax-4
spectrofluorometer (Horiba Jobin Yvon Inc., France). Circular
dichroism spectra were collected using a JASCO J-820 spectro-
polarimeter (Tokyo, Japan). Transmission electron microscopy
measurements were made on a JEM-2100F high-resolution trans-
mission electron microscope (The Netherlands) operated at
200 kV.The AFM image was taken by using a SPI3800N microscope
(Seiko Instruments, Inc) operating in the tapping mode with
standard silicon nitride tips. The luminescence decay curves were
measured on a FLS920 spectrofluorometer (Edinburgh Instru-
ments,UK) equipped with uF 920H us pulsed flashlamp.

Preparation of Cu Nanodlusters. In a typical hybridization experi-
ment, the stock solutions of probe DNA and target DNA were
diluted to desired concentration with the MOPS buffer (20 mM
MOPS, 300 mM NaCl, pH 7.5), and then they were mixed at 1:1
molar ratio. The mixture was heated at 90 °C for 10 min,
followed by slowly cooling to room temperature (20 °C) in
3 h.Then, 5 uL of 100 mM ascorbic acid was added into 250 uL
of DNA duplex solutions. After the solution mixtures were
shaken for 30's, 250 uL of 200 uM Cu(NOs), solution was added
and incubated for 15 min at room temperature to form
Cu nanoclusters (see Figure S1; Cu nanoclusters were formed
in 15 min).
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of the DNA hybridization event that allows the detection
of not only a single mismatch but also its mismatch type
in a specific DNA sequence. The research results also
provide some useful insight into the luminescent me-
chanism of DNA-hosted Cu nanoclusters, which is
strongly ligand-dependent. In addition, our proposed
assay has some unique features: (1) The rapid, reliable
“mix-and-measure” detection of mismatch type can be
performed at room temperature without rigorously
controlled temperature and directly in a duplex without
arduous probe DNA design; (2) by flexibly choosing
probe DNA, easy fluorimetric recognition of different
mismatched types is achieved without enzyme. Armed
with these intriguing properties, the emissive metal
nanoclusters are expected to open new opportunities
for numerous research fields, such as DNA diagnostics,
biological recognition, and bioanalysis fields.
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